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Point mutation of an FGF 
receptor abolishes 
phosphatidylinositol 
turnover and Ca 2+ flux 
but not mitogenesis 
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Mercedtta Del Rosario, Daniel Mirda 
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Stimulation of certain receptor tyrosine kinases results in the 
S t£Z ^ phosphorylation and activation of f^^lZ 
CfPLCyl a .enzyme that catalyses the hydrolysis of phos- 
»h,rtdvltawitol (pSlns) 1 - 8 . This hydrolysis generates d.acylgly- 
££££ inositol phosphate, which in turn active protein 
kinase C and increase intracellular Ca*\ respectively. PLCy 
Sally ILciates with activated receptor tyrosine kinases, ^ug- 
E£Lt it is « substrate for 

UoasM 7 " 10 . Here we report that a fibroblast growth factor (JGF) 
Sce^r with a singled mutation at residue J66 repl.cmg 
tyrosine with phenylalanine fails to associate mih 
resnonse to FGF. This mutant receptor also failed to mediate 
SnThydrolysis and C« 1+ mobilization after FGF stimulation 
itowTver; Ae mutant receptor phosphorylated itself and several 
Sir cdluTar proteins, and it mediated mitogenesis in response 
to FGF These findings show that a point mutation in the FGF 
^SSXliminates activation ^ PLCy. nd that neither 
mobilization nor Ptdlns hydrolysis are required for FGF- 

^St™ that the FGF receptor - Pjosphorylate 
itself on Tyr 766 and that a recombinant SH2 domain (sre- 
homologo^domain 2) of PLCy can bind to a tryptic fragment 
toe receptor containing this tyrosine". We reasoned that if 
Tyr766 were the main site of interaction between ^the FGF 
raptor and PLCy, a point mutation at this residue migh 
«rnH,tce a receotor with a selective impairment in the reams 
Cover P aXy To determine the specificity of the interaction 
SSSSSeFOF receptor and PLCy we synthesized peptides 
^passing the two conserved tyrosines in the , CW»d jtjd 
of The receptor, Tyr766 and Tyr776, and asked they 
could block the association of PLCy with F 
receotors in vitro 12 ' 1 *. A peptide of nme amino acids that was 
photno^ated on Tyr 766 (Y766P) bWthe association of 
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PI C v with the FGF receptor at 10 u.M, the lowest concentration 
iesud (Fig. 1). The unphosphorylated version of this peptide 
(Y766U) partially blocked PLCy association but only at much 
higher concentrations (200 u.M). A peptide phosphorylated at 
Tvr776 failed to block PLCy association (data not shown). A 
SmbXhosphopeptide (Y766PS) also failed i to block PLC, 
a «ociation (Fig. 1). These results suggested that Tyr 766 when 
Zsphorylated 8 was directly involved in the bind.ng of PLC 7 
tc SEfS receptor and that Tyr 766 and its flanking sequences 
constituted the major site of PLCy association w.th the FGF 

^ToCt the functional significance of PLCy binding to Tyr 766 
we made a mutant FGF receptor in which Tyr 766 was replaced 
b^ ^alanine (Y/F766). The Y/F766 i muttuU 
thewild^pe receptor were then transfected nto rat w ^ 
blasts that do not express endogenous FGF receptors . fOh 
£££t of cells expressing the wild-type FG ^ receptor 
enhanced receptor association of PLC v/^66 FGF receptor 
independent cell lines expressing the Y/F766 FGh receptor 
Iy/%66 1 and Y/F766-2), there was no detectable hgand- 

nducS cept^ 

emptors were immunoprecipitated from 

^^^^^^^ 

Se S-type clone. In this cell line the mutant FGF receptor 
behaved he same as in the clones that had more receptors. 
Paralleling receptor association, tyrosine phosphorylation of 
Paralleling P ^ dramatlcaU y 

Eased" or absent compared with the wild-type receptor _and 
there was no increase in Ptdlns turnover in response to FGF 
S^S. 26 and c). (A small ^^^Z^ 

Sushtha S tTyr766isnece^ 
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Y766 of the human ^^i^^SSS^^^ 
scrambled peptide, pept.de Y766PS ^glg*^* '^sized using 
phosphotyrosine; peptide Y766U <^^^*^ 6 X for tfeir ability 
Snphosphorylated tyrosine. These peptides viV o. 
to block the association of PLCy to recombinant FGF receptors 

Arrowhead indicates association was assay- 

METH0DS. Peptides were syn«ies.z« land in a 
„ rt « described 13 . Recombinant chK*en FGF recepror pi » 

analysed for the presence of co-immunoprecipitated oy in 
with anti-PLCy antibodies (UBI). 
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of PLC 7 with the FGF receptor in vivo and suggest that receptor 
association is required for the phosphorylation and activation 
of PLC 7. 

Many peptide growth factors, including FGF, stimulate a 
rapid increase in cytosolic Ca 2+ concentration 16 . This process 
occurs in two phases, the first by transient release of Ca from 
intracellular stores and the second by sustained entry ot Ca 
from the extracellular space. The release of Ca from intracel- 
lular stores is probably mediated by inositol triphosphate and 
we have recently shown that Ca 2+ entry from the extracellular 
space might also be mediated by a Ptdlns metabolite . In cells 
expressing the wild-type FGF receptor, FGF stimulated both 
phases of Ca 2+ mobilization (Fig. 3a). But in cells expressing 
the Y/F766 mutant receptor, FGF failed to stimulate increased 
intracellular Ca 2+ from either intracellular stores or the extracel- 



lular space (Fig. 35). Cells expressing either the wild-type or 
the mutant receptor had a normal Ca 2+ response to platelet- 
derived growth factor. (PDGf) (data not shown). These data 
strongly suggest that Ptdlns turnover is required for FGF- 
induced Ca 1+ mobilization from either intracellular stores or 
from the extracellular space. 

Despite deficient interactions with PLCy, the Y/F766 hUr* 
receptor mutant was a functional receptor tyrosine kinase cap- 
able of responding to ligand stimulation. Both the wild-type 
and mutant FGF receptors were autophosphorylated in response 
to FGF (Fig. 4a) and both receptors mediated the phosphoryla- 
tion of other cellular proteins after FGF stimulation (Fig. 4b, 
closed arrows). Two proteins ( M r 145,000 and 90,000) even seem 
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FIG 2 A mutant FGF receptor with a single point mutation replacing Tyr 766 
with phenylalanine (Y/F766) fails to undergo ligand-stimulated association 
with PLCy and is defective in mediating the tyrosine phosphorylation and 
activation of PLC 7 in vivo, a, Failure of the Y/F766 FGF receptor to undergo 
FGF-stimulated association with PLC?. Rat L6 myoblasts were transfected 
with cDNA encoding the wild-type FGF receptor or the Y/F766 mutant FGF 
receptor (two independent clones, Y/F766-1 and Y/F766-2). To test for the 
presence of ligand-stimulated association of PLCy with these receptors 
receptor immunoprecipitates from both untreated (-) and FGF- treated (+) 
cells were probed by immunoblot using an antibody against PLCy. Arrowhead 
in the upper panel indicates PLCy co-immunoprecipitated with the FGF 
receptor. The blot was reprobed with antibody against the FGF receptor 
(anti-FR* arrowhead in the lower panel indicates immunoprecipitated FGF 
receptor, b, Mutant FGF receptors defective in PLCy association are also 
defective in mediating tyrosine phosphorylation of PLCy. Anti-PLCy 
immunoprecipitates made from unstimulated (-) and FGF-stimulated (+) 
cells were probed with an antiphosphotyrosine antibody (anti-PT). Arrowhead 
in the upper panel indicates tyrosine-phosphorylated PLCy. The blot was 
reprobed with anti-PLC; the arrowhead in the lower panel indicates 
immunoprecipitated PLCy. c, Ligand-activated mutant FGF receptors do not 
mediate increased Ptdlns turnover. Open columns, Inositol phosphate (InsP) 
accumulation in unstimulated cells; solid columns, inositol phosphate 
accumulation in FGF-stimulated cells. Error bars indicate s.e.m. of triplicate 

samples. . ^ 

METHODS. The FGF receptor mutant (Y/F766) was constructed using the 
cDNA for the two-immunoglobulin-domain form of the human FGF receptor 
1 as the template for site-directed mutagenesis with an oligonucleotide 
containing a single T/A change that encoded the Y/F766 mutation; 
ACAGGTCCAGGAACTCCTGGTTG (ref. 14). Both the wild-type and the mutant 
cDNA were then subcloned into a pSV7d expression vector and cotransf ected 
with pSV7d-NEO into rat L6 myoblasts. After G-418 selection, clones 
expressing mutant or wild-type FGF receptors were identified by antiphos- 
photyrosine immunoblot or receptor immunoblot. For receptor association 
experiments, subconfluent cultures of L6 cell transfectants (2-4 15-cm 
plates) were either left unstimulated or were stimulated with basic FGF 
(SOngml -1 ) for lOmia After stimulation, cells were lysed in 1% Triton 
X-100 lysis buffer (1 ml per plate) containing 20 mM Tris, pH 8 0, 137 mM 
NaCI 10% glycerol, 2 mM EDTA, 1 mM PMSF, aprotinin (0.15 U ml ), leupeptin 
(ljjLgmr 1 ) and ImM vanadate for lOmin at 4°C. Lysates were then 
incubated overnight with antiFR. Immune complexes were collected on 
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protein A-Sepharose, washed three times with 1% Triton lysis buffer and 
once with 10 mM Tris, pH 7.4, and analysed by 7% PAGE. Immunoprecipitated 
protein was transferred to nitrocellulose and subsequently probed with 
anti-PLC antibody. Experiments to detect tyrosine phosphorylation of PLCy 
were done similarly, except that anti-PLC immunoprecipitates were probed 
with anti-PT. For Ptdlns turnover assays, cells in 6-well plates were incubated 
in Q-medium (DMEM, 20 mM HEPES, pH7.4, lrfrnr* insulin, 5 >tg ml 
transferrin and 0.5 mg ml" 1 BSA) with 10 ^Ci mT 1 l2- 3 H(N)lmyo.nos l tol for 
24 h After labelling, cells were incubated for an additional 15 mm in Q- 
medium with 20 mM LiCl and then treated with basic FGF <50ngml ) or 
vehicle for 30min. At the end of 30min, cells were extracted w.tti acid 
(10% HCIO. 0.5 ml per well). Neutralized extracts were applied to BioRad 
1-X8 AG columns (formate form) and free inositol phosphates were eluted 
in a formate step gradient. 
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to be phosphorylated more efficiently by the mutant receptor, 
and at least two additional phosphoproteins were detected after 
stimulation of the mutant receptor that were not detected after 
stimulation of the wild-type receptor (Fig. 4b, open arrows). 
The increased baseline autophosphorylation and the increased 
phosphorylation of substrates after stimulation of the mutant 
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receptors may be the result of higher receptor expression, but 
small differences in the kinase activity between the wild-type 
and mutant receptors cannot be ruled out. The increased mobil- 
ity of the ligand-stimulated mutant receptor compared with the 
wild-type receptor might be secondary to the loss of the Tyr 766 
autophosphorylation site or, alternatively, to the loss of phos- 



FIG. 3 The Y/F766 mutant FGF receptor does not mobilize Ca + either from 
intracellular stores or from the extracellular space in response to FGF. To 
assess Ca 2+ mobilization from intracellular stores, basic fCf (5 ng ml 1 ) 
was added to L6 myoblasts expressing the wild-type FGF receptor (upper 
panel) or the Y/F766 FGF receptor (lower panel) in Ca 2+ -f ree buffer containing 
10 mM EGTA (left arrow). After 10 min the buffer was changed to Ca 2+ - 
containing buffer without EGTA (right arrow) to assess the contribution of 
Ca 2+ entry to calcium mobilization by the wild-type and Y/F766 mutant FGF 
receptors. ^ 
METHODS. Measurement of intracellular Ca 2+ was performed with the 
fluorescent probe Fura-2 as described 17 . Intracellular Ca 2 concentrations 
were calculated by comparing the ratios of fluorescence at 340/380 nm 
obtained at maximal intracellular Ca 2+ (achieved by addition of 10 »M 
4Br-A23187) and minimal intracellular Ca 2+ (achieved by addition of 20 mM 
EGTA). 
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FIG 4 The Y/F766 FGF receptor mutant is an active kinase that mediates 
several functions of the wild-type receptor In vivo, a, The Y/F766 FGF 
receptor expressed in L6 myoblasts is autophosphorylated after stimulation 
with FGF. Anti-FR immunoprecipitates from unstimulated (-) and FGF-stimu- 
lated cells (+) were probed with anti-PT. Arrowhead in the upper panel 
indicates autophosphorylated FGF receptor. The blot was reprobed wjth 
anti-FR the arrowhead in the lower panel indicates immunoprecipitated FGF 
receptor, b, Besides autophosphorylation, the Y/F766 mutant mediates 
ligand-dependent tyrosine phosphorylation of other cellular proteins. Lysates 
from the L6 cell transfectants were assayed by immunoblot with anti-PT. 
Closed arrowheads indicate tyrosine phosphoproteins detected after stimu- 
lation of either the wild-type or Y/F766 FGF receptor (K 145K, 90K, 42K 
and 35K). Open arrowheads indicate two additional substrates that are 
detected after FGF stimulation of the Y/F766 receptor (M f 160K and 55K). 
C The Y/F766 mutant mediates DNA synthesis in response to FGF stimula- 
tion [^thymidine incorporation was measured in the L6 myoblast transfec- 
tants after stimulation with FGF (25 ng ml' 1 ). Open bars, unstimulated; solid 
bars, FGF-stimulated; hatched bars, serum-stimulated (10% FCS). Error bars 
indicate s.e.m. of triplicate samples. 

METHODS. Lysates for the receptor autophosphorylation experiments and 
the anti-PT immunoblots were prepared as described in the legend to Fig. 
2 For thymidine incorporation assays, cells were plated at equal densities 
on 24-well culture culture dishes. On day 3 tip medium was changed to 
Q-medium. On day 4 the cells were stimulated for 18 h with the appropriate 
agent in Q-medium. After stimulation, cells were incubated with 
[^thymidine (1 piCi ml" 1 ) for 1 h at 37 °C. Cells were then washed three 
times with ice-cold 5% trichloroacetic acid and solubilized for liquid scintilla- 
tion counting with 0.25 N NaOH in 1% SDS. 
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nhorylation secondary to defective activation of an intracellular 
serine/threonine kinase. Phosphorylation of tyrosine kinase 
receptors by serine/ threonine kinases is thought to have a nega- 
tive regulatory effect and might also explain an increase m the 
kinase activity of the mutant receptor 18 * 19 . 2+ 

Given the proposed importance of Ptdlns turnover and Ca 
mobilization in growth factor-stimulated processes and the pro- 
found effect FGF treatment of cells has on these pathways, we 
were surprised to find that FGF stimulated mitogenesis in ce s 
expressing the Y/F766 mutant as well or better than in cells 
expressing the wild-type receptor. DNA synthesis increased 
significantly in all cell lines tested (Fig. 4c) and cell numbers 
increased in proportion to DNA synthesis (data not shown). 

PLC? SH2 domains can bind to Tyr992 in the C-termmal 
tail of the epidermal growth factor (EGF) receptor, and a 
C-terminal tail of a truncated EGF receptor which is also 
mutated at Tyr992 still phosphorylates PLCy but does not 
activate Ptdlns turnover* 21 . Also, truncated EGF receptors 
lacking multiple potential autophosphorylation sites, including 
Tyr992 do not associate with or phosphorylate PLCy, are 
defective in EGF-mediated receptor downregulation, and can 
transform cells 22 ' 25 . The colony-stimulating factor (CSF-1) 
receptor can mediate mitogenesis in fibroblasts without phos- 
phorating or activating PLC? (ref. 26). Overexpression of 
PLCy gives increased Ptdlns turnover in response to FGF or 
PDGF but does not enhance mitogenesis in response to either 
growth factor, suggesting that Ptdlns turnover is not limiting in 
the mitogenic response to FGF or PDGF ' . Our data demon- 
strate that increased Ptdlns turnover and intracellular calcium 
mobilization are not required for mitogenesis in response to 
FGF in L6 myoblasts. Thus other signalling pathways must be 
involved in mitogenesis by the FGF receptor. 

If not required for mitogenesis in response to FGF, what 
other cellular responses might be triggered by Ptdlns turnover? 
Recent studies suggest that the activation of PLCy might mediate 
chemotaxis or cell-shape changes 29 . Others indicate that Ptdlns 
turnover in response to FGF might mediate ™}l"]* T ^J™*- 
ation during early embryonic pattern formation . If the Y/F766 
mutant does indeed have a selective signalling defect, it should 
be useful in establishing the role of FGF-mediated Ptdlns turn- 
over in chemotaxis, cell differentiation and other non-mitogenic 
cellular responses. 



Point mutation in FGF receptor 
eliminates phosphatidylinositol 
hydrolysis without affecting 
mitogenesis 
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Stimulation of growth factor receptors with tyrosine kinase 
activity is followed by rapid receptor dimerization, tyrosine 
autophosphorylation and phosphorylation of signalling molecules 
such as phospholipase C r (PLCy) and the ros GTPase-activating 
protein 1 * 2 . PLCy and GTPase-activating protein bind to specific 
tyrosine-phosphorylated regions in growth factor receptors^ 
through their sre-homologous SH2 domains 7 A101 \ Growth factor- 
induced tyrosine phosphorylation of PLCy is essential for stimula- 
tion of phosphatidylinositol hydrolysis in vitro and in vivo . 
We have shown that a short phosphorylated peptide containing 
tyrosine at position 766 from a conserved region of the fibro- 
blast growth factor (FGF) receptor is a binding site for the SH2 
domain of PLCy (ref. 8). Here we show that an FGF receptor 
point mutant in which Tyr766 is replaced by a phenylalanine 
residue (Y766F) is unable to associate with and tyrosine-phos- 
phorylate PLCy or to stimulate hydrolysis of phosphatidylinositol. 
Nevertheless, the Y766F FGF receptor mutant can be autophos- 
phorylated, and can phosphorylate several cellular proteins and 
stimulate DNA synthesis. Our data show that phosphorylation of 
the conserved Tyr766 of the FGF receptor is essential for phos- 
phorylation of PLCy and for hydrolysis of phosphatidylinositol, 
but that elimination of this hydrolysis does not affect FGF-induced 
mitogenesis. „. 

To study the role of Tyr766 in FGF receptor signalling, we 
generated transfected cell lines expressing either wild-type or 
three different FGF receptor mutants. The mutant FGF receptors 
included a point mutant in which Tyr766 was replaced by a 
phenylalanine residue (Y766F), a control mutant in which an 
adjacent non-phosphorylated Tyr 776 was replaced by a phenyl- 
alanine residue (Y776F), and a double mutant in which both 
Tyr 766 and Tyr 776 were substituted by phenylalanine residues 
(Y766/776F). Wild-type or mutant FGF receptors were 
expressed in transfected L6 myoblasts lacking endogenous FGF 
receptors. Several cell lines expressing each mutant receptor 
were generated and characterized. These cell lines were treated 
with acidic FGF, lysed, immunoprecipitated with anti-FGF 
receptor antibodies and, after SDS-PAGE, immunoblotted with 
either anti-FGF receptor or anti-phosphotyrosine antibodies 
(Fig 1). This experiment shows that, in response to acidic FGF, 
both wild-type and mutant FGF receptors undergo tyrosine 
autophosphorylation. We next compared typtic phosphopeptide 
maps of wild-type and mutant FGF receptors. Figure 2 shows 
that the tryptic digest of wild-type FGF receptor contains three 
phosphopeptides and that phosphopeptide PI (Fig. 2a), which 
contain Tyr 766 (ref. 8), is missing from the trypic digests of 
FGF receptor mutants Y766F and Y766/776F. 

We next examined the capacity of mutant FGF receptors to 
associate with and tyrosine-phosphorylate PLCy . Figure 3 
shows that only wild-type FGF receptor and the FGF receptor 
Y776F mutant could associate with (Fig. 3a, b) and mediate 
tyrosine phosphorylation (Fig. 3c, d) of PLCy in living cells 
In contrast, no tyrosine phosphorylation of PLCy was detected 
in cells expressing either Y766F or Y766/776F mutants. As 
growth factor-induced tyrosine phosphorylation of PLCy is 
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